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The kaon nulear optial potential is studied inluding the eet of the Θ
+
pentaquark. The
one-nuleon ontribution is obtained using an extension of the Jülih meson-exhange potential
as bare kaon-nuleon interation. Signiant dierenes between a fully self-onsistent alulation
and the usually employed low-density Tρ approah are observed. The inuene of the one-nuleon
absorption proess, KN → Θ+, on the kaon optial potential is negligible due to the small width
of the pentaquark. In ontrast, the two-nuleon mehanism, KNN → Θ+N , estimated from the
oupling of the pentaquark to a two-meson loud, provides the required amount of additional kaon
absorption to reonile with data the systematially low K+-nuleus reation ross setions found
by the theoretial models.
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I. INTRODUCTION
The study of pentaquarks has beome a matter of reent interest sine the disovery by the LEPS ollaboration at
SPring-8/Osaka [1℄ of the exotiΘ+ with strangeness S = +1, whih has been onrmed by several other ollaborations
[2, 3, 4, 5, 6, 7℄. The possibility of the existene of a narrow baryon resonane of mass 1.53 GeV, width of 15 MeV
and quantum numbers S = +1, I = 0 and JP = 1/2+, was previously predited by the hiral quark-soliton model
of Diakonov et al. [8℄. Atually, the position (1.54 GeV) and width (< 20 MeV) extrated from the experiments
are ompatible with the theoretial predition. However, Nussinov [9℄, Arndt [10℄ and Gibbs [11℄ pointed out that
widths larger than a few MeV were exluded sine otherwise the Θ+ would have been visible in the K+N and K+d
data. Similar results were obtained when omparing the available data on total KN ross setions in the I = 0 and
I = 1 hannels with the preditions of the Jülih meson-exhange model for the KN interation [12, 13℄, extended to
inorporate a Θ+-like resonane struture [14℄. In a reent paper, this extended Jülih model has also been used to
determine the width of the Θ+ resonane through the analysis of the reation K+d→ K0pp [15℄.
Furthermore, the disovery of the Θ+ pentaquark with positive strangeness opens the exiting possibility of pro-
duing exoti Θ+ hypernulei. Several authors have proposed that the Θ+ would develop in the nulear medium
an attrative optial potential, the size of whih might range, depending of the mehanism, from a few MeV to a
few hundreds of MeV [16, 17, 18, 19, 20℄. Therefore, understanding the in-medium properties of the Θ+ pentaquark
and its inuene on the KN interation in dense matter and, hene, on the kaon optial potential is something that
deserves being investigated.
The medium properties of kaons have reeived a lot of attention over the last years [21, 22, 23, 24, 25, 26, 27, 28, 29℄
due to the fat that kaons are not only onsidered the best probes to study the dense and hot nulear matter formed
in heavy-ion ollisions, but also beause they probe partial restoration of the hiral symmetry in dense matter. The
KN interation has been believed to be smooth sine no baryoni resonane with positive strangeness was allowed to
exist and, therefore, the single-partile potential of kaons has usually been approximated by the Tρ approximation or
low-density theorem with a repulsion of around 30 MeV for normal nulear matter density [26, 27℄. Reently, a self-
onsistent alulation has been performed [29℄ showing a mass shift of 36 MeV at normal nulear matter density. All
the theoretial models of the kaon optial potential based on the Tρ approximation failed systematially in reproduing
K+-nuleus total and reation ross setions [30, 31, 32, 33, 34, 35, 36, 37℄, underestimating the data by about 10-15%.
Although several mehanisms where explored, suh as swelling of the nuleon, meson exhange urrents, or a smaller
2mass for the exhanged vetor meson [38, 39, 40, 41℄, there is at present no satisfatory solution to this problem.
However, a reent work obtained substantially improved ts to the data by inorporating the absorption of K+ by
nuleon pairs [42℄.
One of the aims of the present work is to revise the validity of the Tρ approximation to the kaon optial potential,
by performing fully self-onsistent alulations using a medium modied KN eetive interation. In addition, we
also investigate the hanges on the kaon optial potential indued by the presene of the Θ+ pentaquark in a dense
medium. For this purpose, we start from an extension of the Jülih meson-exhange model for the KN interation,
whih inludes the Θ+ pentaquark [14℄ as an additional pole term. From the two models explored in Ref. [14℄ giving,
respetively, pentaquark widths of 20MeV and 5MeV, we only onsider the latter one sine it is loser to the upper limit
of various reent quantitative analysis [10, 11, 15, 43℄. We will see that the mehanism KN → Θ+ gives a negligible
ontribution to the kaon optial potential due to the small oupling of the pentaquark to KN states. However,
the pentaquark an also inuene the kaon optial potential through the two-body mehanism KNN → Θ+N , as
disussed in Ref. [42℄. In the present work we perform a mirosopi alulation of this mehanism taking the model
of Ref. [44℄ for the oupling of the Θ+ to a Kπ loud and allowing the pion to ouple to partile-hole and Delta-hole
exitations. We will see that the eet of this new hannel on the kaon optial potential is appreiable, enhaning the
alulated K+ nulear reation ross setions enough to bring them in lose agreement with the experimental data.
II. THE KAON OPTICAL POTENTIAL
In order to obtain the single-partile potential of a K meson embedded in innite symmetri nulear matter,
we require the knowledge of the in-medium KN interation, whih will be desribed by a G-matrix. The medium
eets inorporated in this G-matrix inlude the Pauli bloking on the nuleoni intermediate states as well as the
self-onsistent dressing of the K meson and nuleon.
The KN interation in the nulear medium is obtained taking, as bare interation V , an extension of the meson-
exhange Jülih interation forKN sattering [12, 13℄ whih inorporates the Θ+ pentaquark as a polar term [14℄. The
values of the bare pentaquark mass, M0Θ+ = 1545MeV, and the bare oupling onstant to KN states, g
0
KNΘ+/
√
4π =
0.03, were hosen to reprodue the observed physial mass and a width of 5 MeV after solving, in free spae, the
Lippmann-Shwinger equation whih ouples the pentaquark term with the other non-polar terms of theKN potential.
In a shemati notation, the G-matrix reads
〈KN | G(Ω) | KN〉 = 〈KN | V (√s) | KN〉
+〈KN | V (√s) | KN〉 QKN
Ω− EK − EN + iη 〈KN | G(Ω) | KN〉 , (1)
where Ω is the so-alled starting energy, given in the lab frame, and
√
s is the invariant enter-of-mass energy. In
Eq. (1), K and N represent, respetively, the kaon and the nuleon, together with their orresponding quantum
numbers, suh as oupled spin and isospin, and linear momentum. The funtion QKN stands for the Pauli operator
preventing sattering to oupied nuleon states below the Fermi momentum. Eq. (1) is solved in a partial wave
representation, inluding angular momentum hannels up to J = 4. A detailed desription of the method an be
found in Refs. [45, 46℄.
This G-matrix equation has to be onsidered together with a presription for the single-partile energies of kaons
and nuleons in the intermediate states. In the ase of kaons, their single-partile energy is obtained self-onsistently
from
EK(~q; ρ) =
√
m2K + ~q
2 +ReUK(EK , ~q; ρ) , (2)
where UK is the omplex single-partile potential whih, in the Bruekner-Hartree-Fok approah, is given by
UK(EK , ~q; ρ) =
∑
N≤F
〈KN | GKN→KN (Ω = EN + EK) | KN〉 , (3)
where the summation over nuleon states extends up to the nuleon Fermi momentum. The kaon optial potential
relates to the kaon self-energy through ΠK = 2EKUK . The nuleon single-partile energies are taken from a relativisti
σ − ω model with density-dependent salar and vetor oupling onstants [47℄. In this model the attration felt by
the zero momentum nuleons in nulear matter at saturation density is of the order of −80 MeV.
The kaon optial potential of Eq. (3) must be determined self-onsistently, sine the KN eetive interation (G-
matrix) depends on the K single-partile energy Eq. (2), whih in turn depends on the K potential. We proeed as
3K
K
pi
pi
(b)(a)
K
K
G
FIG. 1: One-nuleon (a) and two-nuleon (b) ontributions to the kaon self-energy.
in Refs. [45, 46℄, where self-onsisteny for the optial potential of the antikaon was demanded at the quasi-partile
energy, a simpliation that proved to be suiently good.
In a diagrammati notation, the kaon optial potential obtained from Eq. (3) is depited shematially in Fig. 1(a),
with the wiggled line representing the G-matrix and the solid one a nuleon hole. This diagram impliitly ontains, in
the J = 1/2, L = 1 KN hannel, the eet of the pentaquark on the kaon optial potential oming from the proess
KN → Θ+, whih is driven by the small value of the KNΘ+ oupling onstant.
The kaon self-energy may also reeive ontributions from the two-nuleon proess, KNN → Θ+N , whih might be
thought as oming from the mehanism depited diagrammatially in Fig. 1(b), where a partile-hole (ph) or Delta-
hole (∆h) exitation absorbs the virtual pion emitted at the Θ+KπN vertex. This oupling was evaluated in a study
of the meson loud eets on the baryon antideuplet binding in free spae [44℄ and latter applied in a alulation of
the Θ+ self-energy in nulear matter [17℄. The ontribution of diagram 1(b) to the kaon self-energy is given by
Π2NK (q
0, ~q; ρ) = i
∫
d4k
(2π)4
[
D(0)pi (k)
]2
Πpi(k; ρ)U˜Θ(q, k; ρ) , (4)
where D
(0)
pi (k) is the free pion propagator, Πpi(k; ρ) stands for the ph+ ∆h ontribution to the pion self-energy and
U˜Θ(q, k; ρ) orresponds to the pentaquark-hole bubble inluding the Θ
+KπN verties, namely
U˜Θ(q, k; ρ) = 9 i
∑
j=S,V
∫
d4p
(2π)4
| t(j)(k, q, p) |2
{
1− n(~p )
p0 − EN (~p ) + iε +
n(~p )
p0 − EN (~p )− iε
}{
1
p0 + q0 − k0 − EΘ(~p+ ~q − ~k ) + iε
}
≃ −9
∑
j=S,V
| t(j)(k, q) |2 UΘ(q − k; ρ) , (5)
where the isospin fator 9 results from the sum over the proesses K+p → Θ+π+ and K+n → Θ+π0, the quantity
UΘ(q − k; ρ) stands for the pentaquark-hole Lindhard funtion, and the salar and vetor ouplings are given by
| t(S)(k, q) |2 = −
(
g˜
2f
)2 [
1 +
MΘ
EΘ(~q − ~k )
]
| t(V )(k, q) |2 = −
(
g
4f2
)2 [(
1 +
MΘ
EΘ(~q − ~k )
)
(k0 + q0)2 +
2
EΘ(~q − ~k )
(~k2 − ~q 2)(k0 + q0)+
(
1− MΘ
EΘ(~q − ~k )
)
(~k + ~q )2
] ∣∣∣∣ m2K∗(q − k)2 −m2K∗
∣∣∣∣
2
, (6)
with f = 93 MeV the pion deay onstant, g = 0.32 and g˜ = 1.9 [44℄. Note that in the last equality of Eq. (5) we
have ignored the dependene of the verties in the nuleon momentum ~p sine it is small in the Fermi sea.
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FIG. 2: Real and imaginary parts of the kaon optial potential as funtions of the momentum of the kaon at normal nulear
matter density for the Tρ approximation (dashed lines) and the G-matrix alulation (solid lines).
For pratial reasons, the diagram of Fig. 1(b) is evaluated replaing, in the integrand of Eq. (4), the quantity[
D
(0)
pi (k)
]2
Πpi(k; ρ) by the full in-medium pion propagator, Dpi(k; ρ), whih is dressed with a pion self-energy on-
taining the oupling to partile-hole and ∆-hole exitations and modied by short range orrelations eets via a
Landau-Migdal parameter g′ = 0.6 [48, 49, 50℄. Sine we are only interested in the imaginary part of the kaon self-
energy and we keep below the pion prodution region, we do not need to subtrat the lowest order pion prodution
diagram whih is impliitly implemented by the above mentioned replaement.
III. RESULTS
We start this setion with an analysis of the kaon optial potential when the Θ+ pentaquark is not present. In
Fig. 2 we display the real and imaginary parts of the kaon potential as a funtion of the momentum at normal nulear
matter density, ρ0 = 0.17 fm
−1
. The solid lines stand for the self-onsistent G-matrix alulation and the dashed lines
show the results of the low-density approximation, resulting from replaing G by the free amplitude T in Eq. (3). Our
Tρ approah ignores the medium orretions on the KN eetive interation as well as the in-medium single partile
potentials of the K and N , but onsiders the eets of Fermi motion. This is the reason for having a non vanishing
value of the imaginary part of the Tρ optial potential at zero kaon momentum. For a momentum of 500 MeV/,
the size of the imaginary part of the optial potential would be redued by 5% if Fermi motion was disregarded. We
also observe that, at zero momentum, the real part of the kaon potential in the Tρ approximation is about 10 MeV
less repulsive than in the ase of the self-onsistent approah whih gives an overall repulsive potential of 39 MeV.
It is interesting to note that in Ref. [29℄, where self-onsisteny was also imposed, a similar repulsion of 10 MeV
with respet to the alulation using the free spae amplitudes was found. Our value of 29 MeV for the kaon optial
potential at zero momentum in the Tρ approximation is a few MeV larger than that in Ref. [29℄ but very similar to
that obtained with other hiral models [26, 27℄. The imaginary part grows slowly with inreasing momentum and at
400 MeV it has a value of −9 MeV, whih would orrespond to a width of 18 MeV, slightly larger again than that
found in Ref. [29℄.
The results in Fig. 2 demonstrate that medium orretions are relevant even for the weak, featureless and smoothly
energy-dependentKN amplitude. These eets are learly manifest in the optial potential of the kaon and, therefore,
have an inuene on its in-medium properties.
We next study the manifestation of the presene of the Θ+ pentaquark on the kaon optial potential. For this
purpose, we rst show in Fig. 3 the real and imaginary parts of the G-matrix for L = 1, J = 1/2 and I = 0 as
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FIG. 3: Real and imaginary parts of the G-matrix for L = 1, J = 1/2 and I = 0 as funtions of the enter-of-mass energy at a
total momentum |~kK + ~kN | = 0 for dierent densities onsidering a Θ
+
pentaquark with a width of 5 MeV.
a funtion of the enter-of-mass energy for a total momentum |~kK + ~kN | = 0, inluding a Θ+ pentaquark with a
width of 5 MeV in free spae. The ases shown orrespond to the free T -matrix amplitude (dashed lines), the in-
medium G-matrix amplitude for 0.5 ρ0 (dot-dashed lines) and ρ0 (solid lines). We observe that the struture in the
KN amplitude assoiated to the presene of the Θ+ pentaquark barely hanges its position and the width is hardly
altered, exept for the fat that it appears distorted by the in-medium modiation of the KN threshold, whih at
normal nulear matter density lies around 1520 MeV. In spite of the fat that the pentaquark is inluded expliitly
as an additional polar term in the KN Jülih potential, one would not have antiipated this insensitivity to medium
eets. We reall, rst, that the physial position and width of the pentaquark, as seen in the free spae amplitude
shown in Fig. 3, are generated after the multiple iterations involved in the T-matrix equation. Seondly, if only the
polar pentaquark term of the potential was iterated, the width would be given from
Γ =
1
π
(
g0
KNΘ+
2mN
)2
mN
MΘ+
q3on , (7)
and, taking the bare value for the oupling onstant quoted above, one would obtain a value around 1.2 MeV, four
times narrower than it ends up being when the omplete potential is iterated in the Lippmann-Shwinger equation.
In other words, in the extended Jülih model the width of the pentaquark is largely generated from the interferenes
between the polar and non-polar terms of the interation. Sine medium eets aet the size of these interferenes
(by modifying the phase spae of intermediate KN states) one in priniple would have expeted larger in-medium
orretions on the width of the pentaquark. Changes are drasti only for higher densities, where the in-medium KN
threshold moves to energies higher than the position of the pentaquark, and the width obviously drops to zero.
One we have obtained the in-medium KN amplitude inluding the eet of the Θ+ pentaquark, we an proeed
to examine the onsequenes of the existene of this pentaquark on the optial potential of kaons. In Fig. 4 the real
and imaginary parts of the kaon optial potential are displayed as funtions of the momentum for 0.5 ρ0 (left panels)
and ρ0 (right panels). The self-onsistent kaon potential without Θ
+
is shown by the dashed lines. The solid line
represents the optial potential when the KN → Θ+ mehanism is inluded. Although some hanges are seen for
momentum values larger than 300 MeV/, the eet is pratially negligible and this is tied to the small value of the
KNΘ+ oupling onstant.
We next present in Fig. 5 the ontribution to the imaginary part of the the kaon optial potential oming from
the 2N mehanism as a funtion of the nulear density for a kaon momentum of 500 MeV/. These results exhibit
the expeted ρ2 dependene and have a signiant size. At normal nulear matter density, the ontribution of the
two-nuleon mehanism to the imaginary part of the kaon optial potential for a momentum of 500 MeV/ is almost
half of that orresponding to one-nuleon reations.
Following Ref. [51℄, we alulate absorption and reation ross setions, σabs and σR, from the expression:
σ =
∫
d2b
[
1− exp
(
−
∫ ∞
−∞
−1
q
ImΠ(q; ρ(~b, z))dz
)]
, (8)
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FIG. 4: Real and imaginary parts of the kaon optial potential as fun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FIG. 5: Imaginary part of the 2N ontribution to the kaon optial potential as funtion of the density for a kaon momentum
of 500 MeV/.
using, respetively, the two-nuleon omponent of the kaon self-energy, Π2NK , or the total self-energy ontaining, in
addition, the ontribution of the one-nuleon proesses. The ross setion is thus obtained as the integral over the
impat parameter of one minus the probability that the kaon rosses the nuleus without reating (in ase of σR) or
without being absorbed (in ase of σabs). We note that, in the latter ase, we do not remove from the ux the kaons
that undergo quasielasti ollisions sine they an still be absorbed. Although the eikonal formalism assumes the
quasielasti sattered kaons to keep moving in the forward diretion, it is still a reasonably good approximation for
inlusive observables as is the ase of the ross setions alulated here. An upper bound of the eet of distortions
on the absorption ross setions would be obtained from the expression:
σabs =
∫
d2b dz exp
[
−
∫ z
−∞
−1
q
ImΠ(q; ρ(~b, z′))dz′
]
(−)1
q
ImΠabs(q; ρ(~b, z)) , (9)
with Π being the total self-energy, whih removes from the ux the kaons that have suered any type of reation before
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FIG. 6: Absorption and reation ross setions per nuleon for a kaon laboratory momentum of 488 MeV/, from a Gρ kaon
optial potential (dashed line) and inluding, in addition, the 2N-absorption mehanism (solid line). Data for the reation ross
setions are taken from the analysis of [37℄.
reahing the absorption point z. This would be more in line with the Distorted Wave Impulse Approximation-like
expression used in Ref. [42℄.
In Fig. 6 the alulated ross setions per nuleon in
6
Li,
12
C,
28
Si and
40
Ca using Eq. (8) are ompared to
experimental data. The dashed line is obtained with the Gρ kaon optial potential of Eq. (3) and underestimates
the data by about 15%. By inspeting Fig. 2 one would then expet the Tρ model to properly desribe or even
overestimate the data, in apparent ontradition to the previous theoretial alulations whih underestimate data
by 10-15%. We note, however, that we are not using here the experimental amplitudes but those obtained with the
Jülih model I of Ref. [12℄. This model reprodues the threshold sattering observables, but the I = 0 and I = 1
ross setions at 500 MeV/ and higher are slightly larger than the experimental ones. The absorption ross setions
per nuleon obtained from the 2N mehanism are about 2-3 mb, right below the upper bound of 3.5 mb established
in Ref. [42℄ from a phenomenologial analysis inluding 2N absorptive eets. The use of the alternative Eq. (9)
produes lower values of the absorption ross setions, slightly below 2 mb. The reation ross setions per nuleon
obtained with the omplete imaginary part of the kaon self-energy, inluding both the one- and two-nuleon proesses,
lie very lose to the experimental data. Clearly, our model for the two-nuleon kaon absorption mehanism provides
the required strength to bring the reation ross setions in agreement with experiment, thereby giving a possible
answer to a long-standing anomaly in the physis of kaons in nulei.
We would also like to omment on the possibility that the in-medium pentaquark develops, through its interation
with nuleons, an attrative potential, whih might range from a few MeV to an astonishing value of a few hundreds
of MeV [16, 17, 18, 19, 20℄. This attration an be thought as oming from a strong oupling of the pentaquark to
K∗N states. The Jülih model does not inorporate suh a oupling and, as a onsequene, it is not inluded in the
orresponding one-nuleon ontribution to the kaon optial potential displayed in Fig. 4. Atually, the oupling to
K∗N states would have moved to smaller momentum values the range of inuene of the pentaquark on the kaon
self-energy, but its eet would remain negligible sine it is driven by the small value of the Θ+KN oupling onstant.
The two-nuleon mehanism partly inludes the Θ+K∗N oupling sine the two-meson loud in the Θ+KπN vertex
reonstruts a K∗ meson, as disussed in Ref. [44℄ and illustrated by the presene of the vetor-meson form fator in
Eq. (6). In addition, and for onsisteny, we should dress the pentaquark in diagram 1(b) by adding an attrative
potential to its energy. However, a similar binding should be onsidered for the nuleon and both eets largely
ompensate eah other. In any ase, the possible indued error ertainly lies within the unertainties of our model for
the two-nuleon absorption mehanism, whih we estimate to be within 30%.
IV. CONCLUSIONS
We have performed a mirosopi self-onsistent alulation of the single-partile potential of a K meson embedded
in symmetri nulear matter, using the meson-exhange Jülih KN interation. We have investigated the dierenes
between the full self-onsistent alulation of the K optial potential and the Tρ approximation. The medium
modiations on the KN amplitude aet the value of the K optial potential. While the Tρ approah gives a
repulsive potential of 29 MeV at zero momentum, the full self-onsistent alulation inreases the repulsion up to 39
8MeV, in line with what is observed in the work of Ref. [29℄, where self-onsisteny was also implemented.
We have also studied the eet on the kaon optial potential of the existene of the Θ+ pentaquark in a dense
medium. We rst obtain an in-medium KN eetive interation starting from an extension of the meson-exhange
potential of the Jülih group, whih inludes the Θ+ resonane. Neither the position nor the width of the pentaquark
hange appreiably in the medium, as long as there is available KN phase spae to deay into. We note, however,
that the pentaquark would have developed a strong binding in the medium if the oupling to K∗N states had been
expliitly inluded in the Jülih model.
The eet of the Θ+ on the kaon optial potential oming from the one-nuleon proess K → Θ+N is negligible
due to a very small value of the Θ+KN oupling onstant. In ontrast, the two-nuleon absorption mehanism,
KNN → Θ+N , ontributes signiantly to the imaginary part of the kaon optial potential, being almost half of the
Gρ value at normal nulear matter density.
The new two-nuleon mehanism alulated in this work produes K+ nulear absorption ross setions per nuleon
of about 2-3 mb. In addition, the reation ross setions per nuleon are inreased by 10-15% with respet to the Gρ
values, and turn out to be pratially in agreement with the experimental data, thereby onrming the expetations
of a reent phenomenologial analysis [42℄.
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